The matrix metalloproteinases (MMPs) 1 are a family of 23 endoproteinases encoded by 24 genes, which degrade a variety of extracellular matrix protein substrates and process a large number of bioactive molecules including cytokines, chemokines, and growth factors (1) (2) (3) . MMPs are involved in physiological processes such as connective tissue remodeling and the control of inflammation (4 -6) . The cleavage of these substrates is evident in a range of pathological conditions including arthritis, tumor metastasis, and fibrosis in which the MMPs are strongly implicated (7) (8) (9) (10) . Hence, it is important to understand the structural features of these enzymes to facilitate rational inhibitor drug design (11) . Given the largely negative clinical trial results in the treatment of cancer with current MMP hydroxamate inhibitors (12, 13) , this is an essential step in the design of the next generation of inhibitor drugs.
A number of three-dimensional structures of MMPs are available. MMPs have a common domain structure, which is typically comprised of a propeptide, catalytic domain, prolinerich linker, and COOH-terminal hemopexin domain (11, 14) . Some members of the family have additional domains, e.g. gelatinases A (MMP-2) and B (MMP-9) have three fibronectin type II modules inserted in the catalytic domain, which comprise the collagen binding domain (15) , and the membrane-type MMPs (MT-MMPs) (-1, -2, -3, -5) have a COOH-terminal transmembrane domain (16) .
MMPs are members of a superfamily of zinc endopeptidases, the metzincins, whose other members are the astacins, serralysins, adamalysins, leishmanolysins, and snapalysins (17) (18) (19) . Although their amino acid sequences differ, metzincins have a conserved fold with similar topology and the zinc binding environment of their active sites is highly conserved (20) . The latter features a consensus sequence HEXXHXXGXX(H/D). The His residues chelate a zinc ion that is essential for catalytic activity, whereas the Glu polarizes a zinc-bound water molecule that facilitates nucleophilic attack on the scissile bond of substrate bound in an antiparallel ␤-sheet-like manner in the active site cleft (for review see Ref. 17) . A conserved structurally superimposable methionine that is 8 residues COOH-terminal to the His residues in MMPs forms a tight 1,4-turn, the so-called " Met- ever, there is no direct contact between the Met and the zinc ion or substrates. The methyl hydrogens of the Met sulfur are 5-6 Å from the aromatic rings of the first two His ligands, and it is proposed that there may be electrostatic interactions between these residues (17, 18) . This Met residue in close proximity to the Zn 2ϩ ion and its triad of ligating residues is the single absolutely conserved defining characteristic of the metzincin superfamily of Ͼ770 metalloproteinases and one that led to their designation as metzincins (20) . Hence, it is assumed that the methionine and Met-turn have an essential role in the structure or function of the members of the metzincins.
In this study, we have probed the function of the conserved Met and Met-turn of the metzincins using human MMP-2 as a model, a protease considered critically important in tumor metastasis and therefore a validated drug target (12) . Met-392 was altered by site-directed mutagenesis. In one variant, M392L, the side chain of the Leu is of a size similar to Met and so should maintain the hydrophobicity of the local environment. In another mutant, M392S, the mutation introduces a potential zinc chelator, which might affect enzymic activity. Surprisingly, despite the absolute conservation of the Met residue, there was no significant effect on the activity, activation, or inhibition properties of MMP-2 by these substitutions.
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis-Site-directed mutagenesis of Met-392 to Leu, Ser, or Cys was carried out using the QuikChange strategy (Stratagene) with the oligonucleotides shown in Table I . The catalytically inactive mutant, (E375A)MMP-2 (18), was also generated using oligonucleotides listed in Table I . The template was a double-stranded plasmid preparation of proMMP-2 with an IgG leader sequence in vector pGW1GH (21) . The presence of the desired mutation and the DNA sequence fidelity of the entire cDNA was confirmed by automated sequencing using the Big-Dye Terminator kit (ABI).
Production of Stable Mammalian Cell Clones Expressing ProMMP-2-Chinese hamster ovary (CHO) K1 cells or ras/myc-transformed Timp2Ϫ/Ϫ fibroblasts (22) were grown in Dulbecco's modified Eagle's medium with 10% cosmic calf serum (HyClone Laboratories Inc) (supplemented with non-essential amino acids for CHO K1 cells). Cells were transfected with MMP-2-pGW1GH as described previously (23) . Clones were selected with mycophenolic acid, and those overexpressing MMP-2 or the Met mutants of MMP-2 were identified by Western blotting with affinity-purified rabbit polyclonal antibodies ␣GelA␤IV (raised against the peptide sequence Asp-188 to Gly-200, which constitutes the "north side" of the active site) or ␣CBD123 (raised against the collagen binding domain of MMP-2 (15)). TIMP-2 and TIMP-4 were expressed and purified as described previously (24) . TIMP-1 was a generous gift from Prof. G. Murphy (University of Cambridge, Cambridge, United Kingdom).
Purification of MMP-2-At cell confluence, roller bottle (850 cm 2 , BD Biosciences) cultures were washed with phosphate-buffered saline and incubated in 50 -100 ml of serum-free medium (CHO-S-SFMII, Invitrogen). Medium was harvested every 1-2 days for up to 10 days. MMP-2 or MMP-2 mutants were purified at 4°C in 50 mM MES buffer (pH 6.0, 5 mM CaCl 2 , 0.1 M NaCl, 0.025% sodium azide) (21) . MMP-2 was eluted from gelatin-Sepharose (Amersham Biosciences) with 10% Me 2 SO. After dialysis, pooled fractions were loaded onto lentil lectin-Sepharose (Sigma) to remove MMP-9 and a 1-ml gelatin-Sepharose column in tandem. Eluted fractions containing proMMP-2 were pooled, dialyzed into MES buffer, and stored at Ϫ70°C. SDS-polyacrylamide gel electrophoresis and silver staining confirmed the purity of the recombinant protein samples. For activity studies, proenzyme was dialyzed into fluorescence assay buffer (FAB, 100 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM CaCl 2 , 0.05% Brij 35) immediately prior to each study.
NH 2 -terminal Sequencing-Proenzyme samples (4 g) were activated with 2 mM 4-aminophenylmercuric acetate (APMA) for 4 h, electrophoresed on 8% polyacrylamide gels, and blotted to a polyvinylidene fluoride membrane. This was stained with Coomassie Brilliant Blue R-250 and destained with 50% methanol. Bands of interest were excised and sequenced by Edman degradation in an Applied Biosystems Procise sequencer.
Protease Assays-MMP-2 was APMA-activated and active site-titrated against a standard preparation of TIMP-1 (24) . Rates of cleavage of 1 M of quenched fluorescent peptide substrates, the general MMP substrate (7- (26) , were measured in 96-well fluorimetry plates in a FLUOstar Optima (BMG Labtechnologies) at 25°C in FAB using a 320-nm excitation filter and a 405-nm emission filter. McaNH 2 (7-methoxycoumarin-4-yl)acetyl-NH 2 ) was used for calibration. k cat /K m values (ϮS.E., n ϭ 3) were calculated using equations described in Ref. 25 .
Enzymes (10 -30 pM, active site-titrated) were incubated in FAB with 10 g/ml fluorescein-labeled gelatin (DQgelatin, Molecular Probes) at 37°C using excitation and emission filters of 485 and 520 nm, respectively. Rates of cleavage of gelatin were measured from the linear increase in fluorescence in a continuous assay (typically up to a 2-h duration). The cleavage efficiency of the enzymes was calculated in arbitrary fluorescence units s Ϫ1 nM Ϫ1 enzyme because there is no standard to calibrate the plate reader and calculate k cat /K m . DQgelatin (10 g/ml) alone had a zero rate of fluorescence release, and any turbidity of the gelatin sample did not affect the fluorescence read-out under the conditions used.
Gelatinolytic activity was also assayed by zymography using nonreduced samples electrophoresed on 9% polyacrylamide gels co-polymerized with 1 mg/ml gelatin. Following SDS removal using Triton X-100, gels were incubated in 100 mM Tris, pH 8, 30 mM CaCl 2 for 3-4 h and then stained with Coomassie Brilliant Blue R250.
Biotin-labeled type I collagen (0.025 pmol) was incubated with enzymes in collagenase assay buffer (CAB, 50 mM Tris-HCl, pH 7.4, 200 mM NaCl, 5 mM CaCl 2 , 3.8 mM NaN 3 , 0.05% Brij 35) with 2 mM APMA for 18 h at 28°C. Reactions were terminated by the addition of SDS-PAGE sample buffer and separated by 7.5% SDS-PAGE followed by Western blotting using streptavidin-horseradish peroxidase and ECL detection (27) .
Monocyte chemoattractant protein 3 (MCP-3) (5 g) was incubated in CAB with 100 ng of APMA-activated enzyme at 37°C for 4.5 h, and the products were electrophoresed under reducing conditions on 15% TrisTricine gels (5) . Cleavage products were analyzed by matrix-assisted laser desorption ionization time-of-flight mass spectrometry.
Measurement of K i(app) -A range of concentrations of Batimastat (BB-94) or 1,10 phenanthroline were incubated with proteases for 2 h at 37°C in 96-well fluorescence assay plates. Residual activity was measured at 37°C using 1 M general quenched fluorescent substrate. Data was fitted to a tight binding equation (28) to obtain the overall inhibition constant K i(app) (24) .
Trypsin Susceptibility-Proteinases (43.3 nM) were incubated with 8.7 nM trypsin (Sigma) in CAB with or without 48 mM EDTA at 25°C. Aliquots were removed at 0, 1, 2, or 23 h, and these reactions were terminated with SDS-PAGE sample buffer containing 50 mM dithio- 5Ј-CCT GGG GCC CTG CTG GCA CCC ATT TAC ACC-3Ј 5Ј-GGT GTA AAT GGG TGC CAG CAG GGC CCC AGG-3Ј
M392S
5Ј-CCT GGG GCC CTG AGC GCA CCC ATT TAC ACC-3Ј 5Ј-GGT GTA AAT GGG TGC GCT CAG GGC CCC AGG-3Ј
M392C
5Ј-GAC CCT GGG GCC CTG TGC GCA CCC ATT TAC ACC-3Ј 5Ј-GGT GTA AAT GGG TGC GCA CAG GGC CCC AGG GTC-3Ј
E375A 5Ј-C GTG GCA GCC CAC GCG TTT GGC CAC GCC-3Ј 5Ј-GGC GTG GCC AAA CGC GTG GGC TGC CAC G-3Ј
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threitol. Samples were analyzed by SDS-PAGE on 11% gels followed by silver staining.
RESULTS

Expression and Purification of MMP-2 Mutants-Each of the Met mutants, pro(M392S)MMP-2, pro(M392L)MMP-2, and
pro(M392C)MMP-2, co-migrated with wild-type proMMP-2 and pro(E375A)MMP-2 at a molecular mass corresponding to 72 kDa in the presence of dithiothreitol (Fig. 1A) . In the absence of reductant, all of the proenzymes migrated at 66 kDa, consistent with the presence of correct disulfide bond linkages. No dimers were observed for pro(M392C)MMP-2, which contains an introduced unpaired cysteine.
Pro(M392L)MMP-2, pro(M392S)MMP-2, and pro(M392C)-MMP-2 were isolated from CHO K1 cells as a complex with endogenous TIMP-2, similar to wild-type proMMP-2 and pro(E375A)MMP-2, (Fig. 1B) . Exogenous TIMP-2 also formed a stable complex with proMMP-2, and the zymogen forms of the three Met mutants that had been expressed and purified from Timp2Ϫ/Ϫ fibroblasts (data not shown). Because TIMP-2 binds proMMP-2 via C-domain interactions (5, 28 -30) , these results indicate that the introduced mutations did not destabilize the hemopexin C domain. Moreover, the proteases eluted similarly from gelatin-Sepharose during purification, indicating that the collagen binding domain is also unaffected by these mutations.
Proteolytic Activity-The mutation of Met-392 to Ser or Leu did not significantly affect the cleavage efficiency of two different quenched fluorescent substrates (Table II) . Similarly, (M392S)MMP-2, (M392L)MMP-2, and wild-type MMP-2 were essentially equally active against gelatin as assessed by zymography ( Fig. 2A) and kinetic analysis using fluorescein-labeled gelatin (Table II) .
To determine whether differences in cleavage specificity resulted from the methionine mutations, cleavage of native type I collagen was examined. Cleavage fragments of the ␤-chains and ␣1 and ␣2 chains generated by (M392S)MMP-2 and (M392L)MMP-2 were similar to those generated by wild-type MMP-2 (Fig. 2B) . A time course (Fig. 2C ) and incubation at increasing enzyme:substrate ratios (Fig. 2D) demonstrated that (M392S)MMP-2 and (M392L)MMP-2 were as efficient as wild-type MMP-2 at native type I collagenolysis with full cleavage occurring by 10 h and at a 10 -20:1 enzyme:collagen molar ratio after 18 h.
The chemokine MCP-3 is a recently described physiological substrate of MMP-2 in vitro and in vivo (5) . Similar to wild-type MMP-2, (M392S)MMP-2 and (M392L)MMP-2 converted MCP-3 (8935 Da) to MCP-3-(5-76) (8574 Da) (Fig. 3A) . By matrix-assisted laser desorption ionization time-of-flight mass spectrometry, the mass of the cleaved chemokine generated by wild-type MMP-2 was 8571 Da, the mass of the cleaved chemokine generated by (M392S)MMP-2 was 8571 Da, and the mass 
TABLE II
Cleavage efficiency for quenched fluorescent peptide substrates MMP-2 was activated and active site-titrated against a standard preparation of TIMP-1. Rates of cleavage of 1 M of quenched fluorescent peptide substrates, "general" ((7-methoxycoumarin-4-yl)acetylPro-Leu-Gly-Leu-͓3-(2,4-dinitrophenyl)-L-2,3-diaminoproprionyl͔-AlaArg-NH 2 ) and "MMP-3" ((7-methoxycoumarin-4-yl)acetyl-Pro-Leu-Alanorvaline-͓3-(2,4-dinitrophenyl)-L-2,3-diaminoproprionyl͔-Ala-Arg-NH 2 ) or 10 g/ml (approximately 100 nM) fluorescein-labeled gelatin (DQgelatin, Molecular Probes), were measured at 25 or 37°C, respectively, as described under ''Experimental Procedures.'' k cat /K m (mean Ϯ S.E.) values were calculated for the quenched fluorescent peptides (n ϭ 3) using equations described in Ref. 25 
FIG. 2. Degradation of denatured and native type I collagen. A, proMMP-2 (WT) and mutants pro(M392S)MMP-2 (M392S), pro(M392L)-MMP-2 (M392L), pro(M392C)MMP-2 (M392C)
, and pro(E375A)MMP-2 (E375A) (5 ng) were analyzed by SDS-PAGE on 9% polyacrylamide gels containing 1% gelatin and incubated for 3.5 h at 37°C. B, biotin-labeled native type I collagen was incubated in absence (Ϫ) or presence of enzyme (1 pmol) for 18 h at 28°C. Enzymes were incubated with biotin-labeled native type I collagen (0.025 pmol) at 28°C (C) for the indicated times (in h) or 18 h at the indicated mole equivalents (relative to substrate) (D). After digestion, samples were separated by SDS-PAGE (7.5%) followed by Western blotting using streptavidin-horseradish peroxidase. generated by (M392L)MMP-2 was 8577 Da, showing that cleavage occurred at an identical site to remove the NH 2 -terminal four residues. These mutants cleaved MCP-3 (5 g) to the same extent in the same concentration range as wild-type MMP-2 between 10 and 100 ng of enzyme, demonstrating similar efficiency (Fig. 3B) .
MMP-2 is secreted as a zymogen. Removal of the propeptide at Tyr-81 is autocatalyzed by MMP-2 in trans and is required for enzymatic activity (31) (32) (33) . The proMMP-2 mutants were incubated in the presence of the organomercurial APMA, which coordinates with Cys-73 and so disrupts the interaction of the propeptide with the active site, initiating autoactivation. The activation profile of (M392S)MMP-2 and (M392L)MMP-2 resembled that of wild-type MMP-2. At 25°C, conversion to the 68-kDa activation intermediate form was apparent after 10 min (Fig. 4A) , full activation of MMP-2 was visible by 60 min, and the proenzyme was completely converted to this 66-kDa form after 4 h. There were no lower molecular weight autodegradation species formed at 25°C that were visible by silver staining. At 37°C, APMA-induced autoactivation of (M392S)MMP-2 and (M392L)MMP-2 proceeded at a similar rate to wild-type MMP-2 but occurred earlier than at 25°C with degradation products (arrows) that were not seen at 25°C (Fig. 4B) . NH 2 -terminal sequencing of the 66-kDa form of (M392L)MMP-2 confirmed correct processing at Tyr-81 as with wild-type MMP-2. Similar to (E375A)MMP-2, the (M392C)MMP-2 mutant was catalytically inactive in all of the protease assays including autoactivation Inhibition-The effect of Met substitution on the inhibition of MMP-2 by the zinc-chelating chemical inhibitors Batimastat (BB-94) and 1,10-phenanthroline was examined. The K i(app) values for both the hydroxamate inhibitor Batimastat and 1,10-phenanthroline were similar for (M392L)MMP-2, (M392S)MMP-2, and wild-type MMP-2 (Table III) . Wild-type MMP-2, (M392L)MMP-2, and (M392S)MMP-2 were also equally inhibited by the specific protein inhibitors TIMPs -1, -2, and -4, (data not shown). Hence, these results show that mutation of Met-392 did not alter the inhibition characteristics of the enzyme and further indicates the absence of structural perturbations in the active site or zinc binding triad and that the region of the N-domain, which participates in the interaction with TIMPs, is structurally preserved.
Tryptic Digest-To assess the conformation of the Met mutants, susceptibility to degradation by trypsin was tested (Fig.  5) . The mutants pro(M392S)MMP-2 and pro(M392L)MMP-2 were resistant to degradation by trypsin similar to pro(E375A)MMP-2 and wild-type proMMP-2 (the latter shows an additional product at 66 kDa, which represents autoactivated material). However, pro(M392C)MMP-2 was significantly degraded by 1 h, suggesting that the conformation of this protein was destabilized by the mutation. Similar to wild type and pro(E375A)MMP-2, pro(M392S)MMP-2 and pro(M392L)MMP-2 were susceptible to degradation by trypsin in the presence of EDTA, forming similar degradation products. This indicates that, like wild-type MMP-2, these mutants utilize Ca 2ϩ and/or Zn 2ϩ to maintain a stable folded conformation. However, the pattern of degradation of pro(M392C)MMP-2 in the presence of EDTA appeared identical to that in the absence of EDTA, suggesting that pro(M392C)MMP-2 is not folded correctly, or was expressed in the apo form.
DISCUSSION
To date there are Ͼ770 members of the metzincin superfamily in all species (17) , all harboring the canonical methionine. This methionine is the only totally conserved residue in the superfamily. Even the Zn 2ϩ -ligating histidine residues are not conserved because reverse orientations of the sequence HEXH are known to occur in some metzincins. The molecular packing environment around the Met also is highly varied among the different members of the metzincins. Because of its absolute conservation, it is widely believed that this methionine residue plays an essential role in the structure or activity of these proteinases. To date, there have been few reports where the conserved Met of the metzincin superfamily has been altered. For the MMPs, the previous studies used a C domain-truncated mutant of MMP-8 (neutrophil collagenase). Both methionine residues were replaced with selenomethionine (SeMet) by expression in Escherichia coli (34, 35) for crystallography studies. The remaining study investigated the effect of mutating the conserved Met of the serralysin protease C from Erwinia chrysanthemi (36). Here we have specifically addressed the role of the conserved Met of the metzincins within the context of full-length human MMP-2, an archetypal member of the MMP family, using a site-directed mutagenesis approach.
Substitution of Met-392 with Leu or Ser did not significantly affect MMP-2 activity. As well as cleaving quenched fluorescent peptides, which only bind at the active site, (M392L)MMP-2-and (M392S)MMP-2 cleaved gelatin, native type I collagen, and MCP-3 with rates similar to wild-type MMP-2. Cleavage of these substrates requires cooperative binding at the active site and exosites on the collagen binding domain and the hemopexin domain, respectively (11), further indicating unaltered structure, orientation and function of the active site and exosites on the ancillary domains. These mutants also cleaved heat-denatured human mannose-binding lectin (data not shown) as efficiently as wild-type MMP-2 (21) . The kinetics of APMA-initiated autoactivation and the activated species formed by (M392L)MMP-2, (M392S)MMP-2, and wild-type MMP-2 were indistinguishable. Of the two studies of SeMet-substituted MMP-8 catalytic domain, one found no dif- 
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ferences in activity (34) and the other found a slightly reduced k cat /K m for cleavage of the general quenched fluorescent peptide substrate (35) , the same peptide used in our studies. E. chrysanthemi protease C mutants M226L and M226C had reduced activity (3-8-fold) against various substrates with M226C retaining 20% activity (36) . However, we found that (M392C)MMP-2 was completely inactive, potentially because of the introduction of a chelator moiety in close proximity to the Zn 2ϩ ion and to the disrupted structure as indicated from tryptic susceptibility.
All three Met mutants, (M392L)MMP-2, (M392S)MMP-2, and (M392C)MMP-2, were sufficiently stable to be purified. However, if purification was carried out in Tris buffer instead of MES buffer, (M392L)MMP-2 and (M392S)MMP-2 showed an increased tendency to autodegrade compared with wild-type MMP-2 (see Fig. 1B ). This finding suggests that the substitution of Met-392 might result in some perturbation of the propeptide-active site interaction that normally maintains latency. This effect may be masked in the autoactivation studies because the organomercurial APMA functions by perturbing the prodomain structure, which leads to breakage of the CysZn 2ϩ ion bond. In contrast, Met mutants of protease C including M226S could not be isolated because of instability, whereas M226L and M226C could (36) . (M392L)MMP-2 and (M392S)MMP-2 were as resistant to trypsin cleavage as wildtype MMP-2 but were similarly degraded in the presence of EDTA, demonstrating that these mutants also utilize zinc and calcium to maintain a stable folded conformation.
TIMPs bind to the active site of MMPs as an elongated wedge (34, 35) . (M392C)MMP-2 was degraded by trypsin, even in the absence of EDTA, indicating that the catalytic domain of this mutant is not folded correctly or does not bind the stabilizing metal ions, thus accounting for the absence of catalytic activity of this mutant in all of the protease assays. Substitution of Met-215 of MMP-8 with SeMet resulted in only a slight disturbance around the SeMet compared with wild-type MMP-8 in the three-dimensional structure (35) . Xray crystallography of the protease C mutants suggested that the removal of the van der Waals interactions of the methionine sulfur with the imidazoles permits small movements of the zinc-liganding His residues. Hence, Pieper et al. (35) conclude that the conserved Met of the metzincin family is important for catalysis because of a role in maintaining the environment of the catalytic zinc. However, our study did not detect any significant effects on the activity of replacing the conserved Met-392 of MMP-2 with Leu or Ser. It is possible that the mutation of Met-392 to other amino acids less conserved in space or hydrophobicity characteristics would have significant effects on activity or that there is an effect other than on stability or catalysis.
It is surprising that the substitution of an absolutely conserved active site residue in an enzyme superfamily appears to have little, if any, effect on the structure or activity of MMP-2. Yet this is not unprecedented. For example, site-directed mutagenesis of cytochrome c showed that an invariant Phe long believed to be essential for activity is not required for function (38) . Hence, the reason for the absolute conservation of the Met-turn methionine in the metzincin superfamily is elusive. Even if the Met is a remnant from an ancestral enzyme where it played a critical function in a different framework, there must be sufficient selective pressure remaining to conserve this residue in more than 770 metzincins, even in such a subtle role. The role of the active site methionine of the metzincins may become critical only when the enzyme is operating under extreme conditions, for example, in vivo in inflammation where the pH is reduced and temperatures are increased. The challenge is to determine which parameters to test to solve this enigma.
